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Owing to their long excited state lifetimes, rare-earth ions in crystals are widely used in quantum
applications. To allow optical readout of the qubit state of individual ions, we propose to dope
the crystal with an additional nearby ancilla ion with a shorter radiative lifetime. We show how
a Bayesian analysis exhausts the information about the state of the qubit from the optical signal
of the ancilla ion. We study the effects of incoherent processes and propose ways to reduce their
effect on the readout. Finally, we extend the architecture to ions residing in two remote cavities,
and we show how continuous monitoring of fluorescence signals from the two ancilla ions leads to
entanglement of the qubit ions.
I. INTRODUCTION
During the past decades, impurities and defects in
solid state systems such as rare-earth ions in crystals [1–
3], quantum dots in nanoscale semiconductors [4–6] and
nitrogen vacancy (NV) centers in nanodiamonds [7–9]
have emerged as promising platforms for quantum tech-
nologies [10]. The popularity of these systems can
be attributed to their outstanding coherence proper-
ties [11, 12] and wide operating regimes [13–15]. For
instance, isolated rare-earth in crystals can be used for
robust quantum gates [16] and high precision sensors [17]
while ensembles of rare-earth ions are excellent can-
didates for realising quantum memories and collective
quantum effects [18–21]. The strong dipole-dipole in-
teractions between nearby ions can be used in a sim-
ilar manner as the Rydberg excitation blockade mech-
anism [22, 23] to implement quantum gates between
closely situated ions [16, 24]. However, their long co-
herence and excitation lifetimes prevent fast and reliable
optical readout of the qubit states.
In this article, we propose to separate the qubit stor-
age and manipulation from the readout by introducing
an ancilla ion. A schematic of the proposed architecture
is shown in Fig. 1(a). The readout ion is resonantly cou-
pled to a cavity mode such that its effective coupling to
the quantized electromagnetic field is Purcell enhanced,
thereby allowing a substantial fluorescence signal to be
emitted via the cavity mode towards a photon counter.
We propose to use an architecture with two low lying
qubit levels |0〉 and |1〉 and an excited level |e〉, which
interacts strongly with the excited state |↑〉 of the ancilla
(h¯ = 1)
Hdipole = µ
(
|e〉〈e| ⊗ |↑〉〈↑|
)
(1)
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FIG. 1. Schematic of the ancilla based (a) readout and (b)
entanglement protocols considered in this article. (a) A qubit
ion with ground states |0〉 and |1〉 is coupled to a readout
ion through an excited state interaction (1). The fluorescence
signal from the readout ion is collected by a cavity mode and
emitted towards an efficient photon counter, and the signal is
used to infer the qubit state. (b) The same architecture as
in (a) is used with two qubits and two readout ions to create
entangled states between the two qubits by mixing the two
fluorescence signals on a beamsplitter and monitoring both
output channels.
Depending on whether the qubit is in the excited state
or not, the readout ion experiences an energy shift µ,
and this leads to a change in the output signal when the
readout ion is subjected to a resonant continuous drive.
Such ancilla-based quantum measurement schemes
have proven beneficial in different settings [25, 26], and
here we will focus our discussion on implementations
in rare-earth ion systems. Doping an inorganic crys-
tal like YAlO3, Y2O3 or Y2SiO5 with different species
of rare-earth ions leads to different coherence properties
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2due to complex interactions between the host and the
dopants [27]. Hence, one can aim to engineer a hybrid
system with two species of ions, where the ion with ex-
cellent coherence and lifetime properties can be used as
a logical qubit, while the other, which has much faster
decay rate may serve as the readout ion. The decay rate
of the readout ion can be further enhanced by the Pur-
cell effect, which also guarantees that the ion predomi-
nantly emits through the cavity for efficient photo detec-
tion. Experimentally, there has been significant progress
in this direction confirming the feasibility of such archi-
tectures with rare-earth crystals [28–30]. Alternatively,
one can use a single species of ion like Eu3+ as both
qubit and readout as long as their transition frequencies
are sufficiently separated. The inhomogeneous broaden-
ing in rare-earth systems ranges in the orders of a few
GHz and in a small crystal with few dopant ions one can
identify two closely situated ions with widely separated
transition frequencies. Recent experiments [1, 31] report
a Purcell factor exceeding 500, such that by making the
optical cavity resonant with a single optical transition of
the readout Eu3+ ion, it experiences an effective decay
rate which is 500 times faster than that of the qubit ion.
While the integrated fluorescence signal from the read-
out ion may in some cases suffice to infer the state of the
qubit, it is desirable to perform the readout as swiftly
and precisely as possibly. This requires optimized pro-
cessing of the stochastic detection signal and its temporal
correlations [32, 33] and is acomplished automatically by
a Bayesian analysis of the measurement signal [34, 35].
In this work we investigate the performance of such an
analysis in detail. We consider different cases and explore
regimes where the Bayesian inference is clearly superior
to analyses based solely on the integrated counting sig-
nal. This happens, for instance, when the ancilla is driven
through the cavity mode, in which case the presence of
the ion affects the temporal fluctuations but not the mean
intensity, reflected from the cavity. We also study inco-
herent processes and ways to reduce their detrimental
effects on the readout process.
We proceed to show how two remote qubits ions, each
coupled to their own readout ancilla ions, can be brought
into a maximally entangled state in a probabilistic man-
ner. As illustrated in Fig. 1(b), the proposal involves
mixing of the output fields from the two cavities through
a beam-splitter and detecting the mixed signal with effi-
cient photon counters. Similar proposals have employed
the correlation between the photon polarization and Zee-
man sublevels of light emitting ions [36], while our scheme
uses different ions for the light emission and the storage
of the entangled state.
The article is structured as follows. In Sec. II, we in-
troduce the model, which is followed by a brief overview
of the stochastic master equation and conditioned dy-
namics in Sec. III. In Sec. IV, we introduce the Bayesian
inference method and its application for qubit readout for
different cases in Sec. IV A, IV B and IV C. In Sec. V,
we extend the architecture to multiple qubits and show
that a continuous measurement of the emitted signal can
generate maximally entangled states between remotely
situated qubits. Finally, we conclude in Sec. VI.
II. MODEL
We consider the system depicted in Fig. 1(a), where
two different rare-earth ions with known, distinct tran-
sition frequencies are spectrally separate from all other
ions in the crystal. Since ions in rare-earth crystals suffer
from inhomogeneous broadening, a small crystal will dis-
play distinct and well separated transition frequencies.
The qubit ion has an excited state |e〉 and two long-lived
ground states |0〉 and |1〉, which define the logical qubit.
We assume this ion to be far detuned from the cavity
resonance. A second readout ion (ancilla) of a different
species has only two states |↓〉 and |↑〉 and is coupled res-
onantly to the cavity mode. For simplicity, we assume
the bad cavity limit such that the cavity mode may be
adiabatically eliminated, resulting in an effective Purcell
enhanced decay rate γ of the readout ion. If the two
ions are in the vicinity of each other, they experience a
dipole-dipole interaction (1), with a strength
µ =
(+ 2
3
)2 µqµr
4pi0r3m
[µˆr · µˆq − 3(µˆr · rˆm)(µˆq · rˆm)], (2)
where ~rm is the vector between their positions, µr(q) =
µr(q)µˆr(q) is the difference in the permanent dipole mo-
ment between the excited and the ground state of the
readout(qubit) ion and  is the relative permittivity at
zero frequency, taking into account the local field correc-
tions due to the crystal host material. For typical values
of dipole moments, this energy shift is in the order of 1
GHz, 1 MHz and 1 kHz for an ion separation of 1 nm, 10
nm and 100 nm, respectively [24, 37].
The dipole interaction (1) imposes a frequency shift
of the readout ion conditioned on the state of the qubit
ion. Hence, the fluorescence signal obtained when the
readout ion is subjected to a classical drive is conditioned
on the state of the qubit ion. This mechanism effectively
conveys information about the state of the qubit ion.
The excited state |e〉 is crucial to facilitate the coupling
between the two ions, but it is more prone to pertuba-
tions than the ground states and it has a non-negligible
decay rate Γ (for simplicity, we shall assume an even
branching to the two ground states |0〉 and |1〉). Our
qubit is hence stored and processed in the ground states
|0〉 and |1〉, and only for the readout protocol, we ap-
ply a pi pulse on the |0〉 ↔ |e〉 to temporarily transfer
the population in |0〉 to |e〉 while the |1〉 population is
unchanged.
We are now in a position to infer the original state
of the qubit by analyzing the excitation dynamics of the
readout ion. We first investigate the case where the read-
out ion is driven directly with a laser field with a Rabi
frequency Ω↑↓, entering, e.g, from a direction perpendic-
ular to the cavity mode, so that only light scattered by
3the ion may leave through the cavity mirror. In the frame
rotating at the laser frequency, this leads to a Hamilto-
nian of the form
Hreadout = −δ|↑〉〈↑|+ Ω↑↓
2
(
|↓〉〈↑|+ |↑〉〈↓|
)
, (3)
where δ is the atom-field detuning which we set to zero
in the following.
We then proceed in Sec. IV C to study a more practical
model where the cavity is driven by a coherent field of
amplitude β. In this way, the fluorescence intensity from
the ion is mixed with the reflection of the driving field
on the cavity mirror into the detection channel. If no
excitation is lost to other channels, all incident photons
are reflected, and it is by the temporal correlations rather
than by the integrated photon signal, that we shall be
able to infer the state of the qubit ion.
III. PHOTON COUNTING AND
CONDITIONAL DYNAMICS
The continuous driving of the readout ion results in
a fluorescence signal which is detected using a photon
counter. During any given short time interval dt, the
photon counter has the possibility to detect either one
photon or none. A photon detection is accompanied
by a quantum jump of the emitter to its ground state
and occurs in a time interval dt with a probability of
dp = Tr[Cˆrρ(t)Cˆ
†
r ]dt, where Cˆr =
√
γ(|↓〉〈↑|), and γ is
the Purcell enhanced decay rate of the ancilla ion due
to coupling to the rapidly decaying (and adiabatically
eliminated) cavity mode. Upon detection of a photon,
the density matrix ρ of the combined system of the qubit
and readout ion is updated according to
ρ(t) −−−→
jump
Cˆrρ(t)Cˆ
†
r , (4)
while in the absence of any photon detection, with prob-
ability 1 − dp, ρ propagates according to the no-jump
master equation-
ρ˙no jump = −i[H, ρ]− 1
2
{Cˆ†r Cˆr, ρ}. (5)
In either case the density matrix is subsequently renor-
malized by the factor 1/dp or 1/(1−dp), respectively. H
denotes the Hamiltonian of the qubit system. We define
a variable dNt, which takes values 1 or 0, depending on
whether the detector registers a photon or not, and the
complete detection record, consisting of such click and
no-click events, from t = 0 to T , is denoted {dNt}Tt=0.
When averaged over a large number of independent re-
alizations of the photo current, the stochastic dynamics
comply with the Lindblad master equation for the en-
semble averaged dynamics, which differs from (5) by an
additional sandwich term, Cˆrρ(t)Cˆ
†
r . Below, we shall add
extra terms to this equation to represent the unobserved
decay of the qubit system.
IV. BAYESIAN INFERENCE FOR QUBIT
READOUT
As described above, the system dynamics during a
time interval [0, T ] is conditioned on the specific real-
ization of the measurement signal {dNt}Tt=0, which is, by
Eqs. (4) and (5), governed by the evolution of the quan-
tum state. While the total count NT accumulated until
the final time T holds some information about the initial
qubit state, the temporal correlations in the full sequence
{dNt}Tt=0 may contribute significant further sensitivity to
the physical parameters governing the dynamics and the
initial qubit state [38–40].
This information may be extracted by Bayes’ the-
orem which updates the prior probabilities P (hi) of
given hypotheses (h1, h2, h3, ...), conditioned on a spe-
cific measurement outcome on the system. In our case
this measurement outcome is the entire detection record
{dNt}Tt=0, and Bayes’ rule states
P (hi|{dNt}T0 ) =
P ({dNt}T0 |hi)P (hi)∑
j P ({dNt}T0 |hj)P (hj)
, (6)
where P ({dNt}Tt=0|hi) is the probability to obtain the
record {dNt}Tt=0 if hypothesis hi is true. While it may
seem a formidable task to calculate these probabilities
and to evaluate the sum in the denominator for any
such record, the information is in fact already at hand.
The quantum jump sequence corresponding to the record
{dNt}Tt=0, occurs precisely with the probabilities dp and
1 − dp for the jumps and the no-jump intervals that
we listed above. For P ({dNt}T0 |hi), this yields a simple
product of the jump and no-jump probabilities encoun-
tered along the evaluation of the conditional quantum
states ρi, which we initiate and propagate separately ac-
cording to the different hypotheses. We are not interested
in the probability of a given, actually observed record
relative to other unobserved ones, and we are allowed to
renormalize the probabilities as long as we retain the ra-
tio between the different candidate hypotheses. The sum
in the denominator of (6) merely normalizes the proba-
bility distribution of the hypotheses.
As more time is allocated for detection, more informa-
tion (clicks and intervals with no clicks) becomes avail-
able and the probabilities assigned by Bayes rule (6)
converge. For our task, we consider two hypotheses,
which are the possible initial states of the qubit. That
is h0 : ρ0 = |0〉〈0| ⊗ |↓〉〈↓| and h1 : ρ1 = |1〉〈1| ⊗ |↓〉〈↓|.
At the final time T , the hypothesis hj with the largest
probability assigned by Bayes rule (6) is chosen as the
outcome of the state measurement.
We characterize the achievements of the Bayesian in-
ference scheme by the probability of assigning a false hy-
pothesis upon obtaining a given time series of photo de-
tect events,
QE(T ) = P (chooseh0|h1)P (h1)
+ P (chooseh1|h0)P (h0). (7)
4For µ Ω, the readout ion is tuned completely out of
resonance from the driving field if the qubit is prepared
in |0〉. Hence, no fluorescence occurs and the detection
of just a single photon signifies that the qubit is in |1〉.
The error probability (7) is in this case determined by
the probability of having no clicks given that the qubit
is in |1〉,
QE(T ) = P (no clicks for t ∈ [0,T]|ψ = |1〉)P (h1). (8)
The probability P (no clicks for t ∈ [0,T]|ψ = |1〉) is the
trace of the no-jump density matrix initialized in ρ1 =
|1〉〈1| ⊗ |↓〉〈↓| and propagated subject to the no-jump
master equation (5), and we find the analytic expression
QE(T ) =
4Ω2↑↓ − γ2 cos(Ω˜t) + 2γΩ˜ sin(Ω˜t)
4Ω˜2
P (h1)e
−γt/2,
(9)
with Ω˜ =
√
Ω2↑↓ − γ2/4. We note that the error prob-
ability vanishes for large times t  γ−1, as it becomes
exponentially unlikely to have no emission events from
the resonantly driven readout ion. To evaluate the per-
formance of our proposal for intermediate values of µ, and
in the presence of unmonitored decoherence channels, we
have recourse to numerical simulations of the stochastic
dynamics. While in an experiment, the detection record
{dNt}Tt=0 is delivered by the photo counter, to find the
average probabilities P (choosehi|hj), we here simulate
a large number N = 20, 000 of such records. For each
of these trajectories, Bayes rule is applied to evaluate
the P (hj |{dNt}Tt=0) with j = 0, 1 and the most likely hy-
pothesis is identified. This is repeated for each of the two
possible initial states |0〉 and |1〉, yielding P (choosehi|hj)
from the number of occurrences where the initial state
was ρj , and the given trajectory favoured the hypothesis
hi.
For comparison, we consider also the error probabil-
ity if the state discrimination is based on the integrated
signal NT . This is the conventional analysis of many
experiments but it neglects the information held by the
temporal correlations in the counting signal, and it is ex-
pected to have a lower performance than the full Bayesian
analysis. The distributions of the total count P (NT |h0)
and P (NT |h1) have different mean values depending on
the qubit state. For example, at large µ Ω↓↑, the total
count under hypothesis h0 is 0, while according to h1, the
mean number of clicks should be
γΩ2↓↑
γ2+2Ω2↓↑
T . In the nu-
merical examples, we sample the the total count distribu-
tions P (NT |h0) and P (NT |h1) from the 20,000 simulated
counting signals. Assuming an equal prior probability of
1/2, the average error probability is then given by 1/2
times
∑
NT
Min[P (NT |h0), P (NT |h1)].
A. Finite dipole coupling strength µ
The top panel of Fig. 2(a) shows typical detection
records dNt registered from a single simulation of Eq. (4)
and (5) for each of the two possible initial states assum-
ing the interaction strength, µ = 5γ. When the qubit
is initially in |1〉, the pi-pulse on the |0〉 ↔ |e〉 transi-
tion leaves the qubit state unchanged and the readout
ion exhibits usual Rabi oscillations with frequent photon
counts as shown by the blue record. On the other hand,
when the qubit is initially in |0〉, the pi-pulse transfers the
population to |e〉. This activates the dipole-dipole inter-
action between the two ions and shifts the energy level of
the readout ion by an amount depending on µ, leading
to a reduced number of detection events as shown by the
orange record.
The Bayesian analysis considers two hypotheses, hi
(i = 0, 1), which are the possible initial states of the
qubit. The likelihood of each hypothesis conditioned on
the detection records {dNt}Tt=0 shown in the upper panel,
given by P (hi|{dNt}Tt=0) are shown in the lower panel of
Fig. 2(a). In both cases, the hypotheses are assigned
equal prior probabilities, P (h0) = P (h1) = 1/2, and we
see that periods with no detected photons (dNt = 0)
lead to a smooth evolution of the Bayesian probabilities,
favouring the hypothesis ρ0. This is intuitive since the
absence of photons consolidates the belief that the read-
out ion is in the ground state. For the same reason,
discrete jumps, favouring ρ1, occur at each photon de-
tection (dNt = 1) until the probabilities converge to the
true hypothesis at the final time.
The evolution of the error probability QE(T ) is shown
in Fig. 2(b) for different strengths of the dipole coupling
µ. For all values, we observe a convergence to QE(T ) = 0
as T → ∞. However, the error probability decreases
more slowly for weaker interactions µ, where the con-
ditional energy shift of |↑〉 is less pronounced, allowing
almost equally frequent photon detections under both
hypotheses h0 and h1. For larger µ, an appreciable differ-
ence in the detection record (frequent detections under
h1 and no detections under h0) occur, resulting in fast
and reliable inference of the correct state. We see that
the numerical results, indeed, approach the analytic ex-
pression (9) in the limit µ γ.
In Fig. 2(c), we exemplify the distributions of the to-
tal count NT accumulated during a time T = 17.4γ
−1 for
µ = 5γ. While it is clear that the qubit state |0〉 facili-
tates, on average, fewer photon emissions than the state
|1〉, a finite overlap between the two distributions still
persists. The associated error probabilities are shown as
dotted lines in Fig. 2(b) where we see that the integrated
signal delivers a larger error in the readout than the full
signal treated in a Bayesian analysis. The advantage of
the full signal is more pronounced for smaller values of
µ where the blockade of the readout ion is far from com-
plete, such that the two qubit states allow more similar
fluorescence signal.
5FIG. 2. Continuous driving and monitoring of the readout ion assuming a long lived qubit excited state |e〉. (a) Upper panel:
Simulated measurement records dNt from t = 0 to t = 25γ
−1 for two possible cases: ψi = |0〉 (orange thick lines) and ψi = |1〉
(blue thin lines) with µ = 5γ, Ω = 2γ. Lower panel: Bayesian probabilities of the two hypotheses h0 and h1 conditioned on
the records shown in the upper panel. Bold (dot-dashed) lines correspond to the hypothesis h0 (h1). Orange (blue) lines show
probabilities conditioned on the counting signals from ψi = |0〉 (ψi = |1〉) in the upper panel. (b) Error probabilities QE(T )
for different values of the dipole-dipole interaction µ found from N = 20, 000 simulated detection records. The black, dashed
line correspond to the analytical expression when µ γ. The dotted lines correspond to the incomplete inference based on the
integrated signal NT . (c) Normalized probability distributions of the total count NT for each of the two true states |0〉 and |1〉
shown for µ = 5γ at the time T = 17.40γ−1.
B. Effects of decay of the qubit excited state |e〉
We have seen that under ideal settings and with suf-
ficient time available, it is possible to perfectly infer the
qubit state from the measurement signal. However, any
qubit system will suffer from some dissipative coupling to
its environment. In the Introduction we proposed can-
didate rare-earth ion systems with orders of magnitude
difference in their excited state lifetimes, but to illustrate
the effects of dissipation more clearly, and to describe
cases with less favorable parameters, we shall here con-
sider qubit excited state decay rates Γ, just one or two
orders of magnitude smaller than the readout ion decay
rate γ. Such parameter regimes include the possibility
to use ions of the same species, where the qubit ion is
detuned away from the cavity resonance and does not
experience the Purcell enhanced decay rate of the reso-
nant readout ion. For simplicity, we consider equal decay
rates Γ to each of the two qubit ground states |0〉 and |1〉,
and we retain the jump dynamics (4) while supplement-
ing the no-jump dynamics of Eq. 5 with the additional
Lindblad terms, − 12
∑
n=0,1{Cˆ†nCˆn, ρ} + CˆnρCˆ†n , with
the unmonitored qubit decay operators Cˆn =
√
Γ(|n〉〈e|)
(with n = 0, 1).
The simulations proceed as above, and we sample the
error probability QE(T ) from 20, 000 simulated detection
records {dNt}Tt=0 subject to the Baysian analysis. The
results are shown as full lines in Fig. 3(a) for µ = 5γ and
different values of Γ.
For the initial qubit state |0〉 where the initializing pi-
pulse would bring the qubit ion to |e〉, the decay process
disengages the dipole coupling as the ion decays into |0〉
or |1〉. This mechanism eventually renders the photo cur-
rent indifferent to the initial state of the qubit ion, re-
sulting in an error probability QE(T ) which saturates at
a non-zero value around 0.2 for the values of Γ considered
here. This effect is enhanced with larger decay rates Γ.
The saturation occurs once the qubit ion excited state
has with certainty decayed to a statistical mixture of the
two ground states ρqubit = (|0〉〈0| + |1〉〈1|)/2. By reex-
citing the ion from the |0〉 state component, it is possi-
ble to extract further information, as half of the popula-
tion undergoing the decay returned to its original ground
state |0〉 while the other half has become indistinguish-
able from the other hypothesis, i.e., the initial state |1〉.
As seen from the dotted lines in Fig. 3(a), a pi pulse ex-
citation applied at the time tpi = 30γ
−1 allows a further
reduction in the error probability by approximately 15%.
To extract further information, one can apply multiple
pi-pulses until all the population has been transferred to
the |1〉 state.
Another possibility to improve the error probability
in the presence of dissipation is to apply a continuous
Rabi drive Ω on the |0〉 ↔ |e〉 transition throughout the
readout process as described by the Hamiltonian term
Hdrive =
Ω
2
(
|0〉〈e|+ |e〉〈0|
)
. (10)
The resulting error probabilities for two different driv-
ing strengths Ω = 0.50γ and Ω = 2.50γ are displayed
in Fig. 3(b). We note that at short times t <∼ Γ−1, the
driving decreases our ability to discern the two hypothe-
ses compared to the case of no driving. This is because
the Rabi oscillation between |e〉 to |0〉 periodically dis-
engages the dipole-dipole interaction. At longer times,
however, the drive serves its purpose to reexcite the qubit
and thereby restores some sensitivity to the qubit initial
state. The error probability nonetheless saturates at a fi-
nal value as in the pulsed scheme of Fig. 3(a), allowing for
these parameters a lowering of QE(T ) by approximately
6FIG. 3. Bayesian inference in the presence of excited state
decay. (a) Error probability QE(T ) for different values of Γ.
The dashed lines correspond to the case when a pi-pulse is
applied to the |0〉 ↔ |e〉 transition at the time tpi = 30γ−1.
(b) QE(T ) for Γ = 0.05γ when the qubit-ion is subjected to
a continuous driving of the |0〉 ↔ |e〉 transition with Rabi
frequency Ω. Results are shown for µ = 5γ and N = 20, 000
and for different values of Ω.
26%. The saturation at a finite QE for long times is due
to the inevitable shelving of the population in the uncou-
pled qubit state |1〉, producing indistinguishable photo
currents.
C. Inference by light reflected from the cavity
In the previous subsections, we considered the case
when the readout ion was directly driven with a Rabi
frequency Ω↑↓. Experimentally, it is convenient to drive
the readout ion by a pump field incident on the cav-
ity. The readout signal shown in Fig. 1(a) then contains
both the reflected laser field from the cavity mirror and
the signal transmitted through the mirror from inside the
cavity. If there are no internal losses and the readout ion
decays only by the Purcell enhanced cavity emission, all
incident photons are eventually detected and the total
number of detection events carry no information about
the qubit state. The same is not true for the signal record
{dNt}Tt=0 which carries temporal correlations due the in-
teraction with the readout ion. The optimal inference
protocol is also for this situation described by the quan-
tum trajectory formalism and Bayes rule.
The cavity mode is continuously driven by a coherent
source of amplitude β, and to formally describe this situ-
ation we assume a weak Jaynes-Cummings coupling con-
stant g of the read-out ion to the cavity and a rapid cav-
ity decay rate κ through the input mirror, which permits
adiabatic elimination of the quantum state of the cavity
field. The intracavity field will be of magnitude 2β/
√
κ,
while a correction to the field due to the interaction with
the read-out ion will act back on the dipole and cause
its Purcell enhanced damping with a rate γ = 4g2/κ.
We ignore other decay channels for the readout ion and
if we assume no internal cavity losses, input-output the-
ory yields an output field described by the interference
of the intra-cavity field, expressed as a sum of 2β/
√
κ
and a readout ion contribution, and the reflected driving
field. The result is an output field given as Cˆr +β. Since
this plays the role of the annihilation operator of the out-
put detected field, it is convenient to rewrite Eq.(4) and
(5) with Cˆr + β appearing instead of Cˆr. This rewrit-
ing, in turn, causes a correction to the Hamiltonian, and
yields the net interaction in Eq.(3), with the value of
Ω↑↓/2 = gβ/
√
κ = β
√
γ/2.
The new equations describe quantum jumps due to
the detection of a photon in the reflected field, and these
jumps now occur with a mean probability given by the
classical flux of photons |β|2 while individual jumps have
a weaker back action on the quantum state of the ions
due to the c-number component of the jump operator. In
the limit of very large β, one can recover the dynamics
of a mean evolution and a stochastic Wiener increment
term [41].
In the top panel of Fig. 4(a), we plot the cumulative
sum of the detection events
∑T
t=0 dNt as a function of
time for 20 realizations simulated using the above re-
placements in Eq. 4 and Eq. 5.
The strength of the coherent source β is maintained at
2γ. Contrary to the case of directly driving the readout
ion where only very few fluorescence photons are detected
(see insert), we now collect around 30|β|2 = 120 photons
during the time 30γ−1. However, as envisaged above,
the total count does not statistically differ between the
two hypotheses, as evident from Fig. 4(a), where orange
and blue curves correspond to ψi = |0〉 and ψi = |1〉
respectively. For comparison,
∑{dNt}Tt=0, is shown in
the inset of panel (a) for the case of direct driving.
In the lower panel of Fig. 4(a), we show examples of
the conditioned probabilities for the two hypotheses hi
(i = 0, 1), where the bold (dotted) curves correspond to
the correct (incorrect) hypothesis. It is interesting to ob-
serve that although the total number of detected photons
are indistinguishable for the two cases in the long time
limit, the probabilities of the two hypotheses conditioned
on the full measurement signal {dNt}Tt=0 can efficiently
infer the state of the qubit. Contrary to Fig. 2(a) where
each click triggers a jump in the probabilities, we now
see a smoother, more continuous convergence since each
7FIG. 4. Continuous monitoring of the ancilla using photon
counting on the signal reflected from the cavity, driven by a
coherent field of amplitude β. (a) Upper panel: Cumulative
sum of the measurement record
∑T
t=0 dNt for 20 realizations
of the two possible cases of ψi. The insert shows
∑T
t=0 dNt for
the case of direct driving studied in Sec. IV A. Lower panel:
Bayesian probabilities of the two hypotheses h0 and h1 condi-
tioned on two of the records shown in the upper panel. Bold
(dot-dashed) lines correspond to the hypothesis h0 (h1). Or-
ange (blue) lines show probabilities conditioned on one of the
counting signals from ψi = |0〉 (ψi = |1〉) in the upper panel.
(b) Average inference error probability QE(T ) as a function of
time for different values of dipole-dipole interaction µ sampled
from N = 20, 000 realizations. The dotted line corresponds
to inference based on the total number of detection events.
In all the simulations, β2 = 4γ.
of the numerous photo detections, likely stemming from
the driving source, provides much less information.
In Fig. 4(b), we plot QE(T ) as a function of time for
different values of µ. For short times, the initial transient
dynamics of the readout ion implies a transient temporal
dependence of the cummulated count NT on the qubit
state and the QE (dashed lines) decreases correspond-
ingly. However, after a while a steady state is reached
and the initial information is washed away as the in-
tegrated signal Nt is dominated by the strong coherent
source β. Consequently, the error probability saturates
at 0.5, and nothing may be learned from the total signal.
The Bayesian analysis (bold curves), on the other hand,
infers the qubit states perfectly by properly extracting
the qubit dependent temporal correlations in the count-
ing signal. Absolute discrimination is reached faster for
larger values of µ but it may be noted that in general the
inference time is longer compared to the case when the
readout ion is driven directly in Fig. 2(b).
While the Bayesian analysis of the full measurement
record thus turned out to be crucial to properly infer the
qubit state, we note that extraction of average statisti-
cal correlations from the count record beyond the mean
detection rate may also provide a direct quantitative cri-
terion to infer the qubit state. For brevity, we omit a
detailed investigation of the effects of dissipation of the
qubit ion for this model. The detrimental effects of a
decaying excited state are similar to those observed in
Sec. IV B, and a continuous Rabi drive Ω on the qubit
|0〉 ↔ |e〉 transition can improve the error probability QE
but only until the ion has become shelved in the state |1〉.
V. ENTANGLEMENT OF REMOTE QUBITS
Quantum entanglement is a precious and crucial re-
source in many quantum protocols, and any relevant
quantum computing platform must be able to produce
entangled states between qubits. In the following, we
discuss how the ancilla based architecture sketched in
Fig. 1(a) can be used in a probabilistic entanglement gen-
eration scheme for two remote rare-earth ion qubits. Our
proposal is based on ideas developed in Ref. [42–46] for
a wide range of systems. As illustrated in Fig. 1(b), we
consider two identical cavities A and B, each containing
a qubit ion with long-lived states |0〉(A/B) and |1〉(A/B),
and a excited states |e〉(A/B) which are coupled to the
readout ion via the dipole-dipole interaction (1). The
readout ions, with energy levels |↑〉(A/B) and |↓〉(A/B),
have a short lifetime and are subjected to a continuous
drive with Rabi frequencies ΩA↑↓ and Ω
B
↑↓, where the su-
perscript (A/B) represents the two cavities. Instead of
monitoring the emission from individual cavities which
appear in modes aˆ1 and aˆ2, we combine the two fluores-
cence signals in a 50:50 beam splitter and continuously
monitor the mixed signals aˆ1 + aˆ2 and aˆ1 − aˆ2 in the
output ports using two photon detectors. Since photon
detectors are insensitive to frequency and phase, photons
arriving from each of the cavities are indistinguishable
such that detections effectively entangle the sources A
and B.
In our model, where the cavity and traveling light
fields are eliminated, this measurement procedure causes
a backaction on the two-qubit system represented by the
two jump operators, χˆ+ ≡ 1√2 (CˆAr + CˆBr ) and χˆ− ≡
1√
2
(CˆAr − CˆBr ), where Cˆ(A/B)r =
√
γ|↓〉(A/B)〈↑|(A/B).
Considering a photon counter of quantum efficiency η,
such that 0 ≤ η ≤ 1, the state of the system upon de-
8tection of a photon due to a quantum jump in χˆ+ or χˆ−
leads to update of ρ as follows-
ρ(t) −−−→
jump
ηχˆ±ρ(t)χˆ
†
± (11)
In the absence of any photon detection, the no-detected-
jump master equation is given by
ρ˙no jump = −i[H, ρ] +
∑
α=±
[
(1− η)χˆαρχˆ†α
− 12{χˆ†αχˆα, ρ}
]
.
(12)
Since the photon detector has an efficiency of η, this im-
plies that in a fraction of (1− η) times, emitted photons
pass undetected. Such undetected jump events are incor-
porated in the term with prefactor (1−η) in the equation
above.
To generate maximally entangled states between the
qubits, both qubits are initialized in a superposition state
1√
2
(|0〉 + |1〉). This is followed by a pi pulse on the
|0〉 → |e〉 transition, which engages the dipole-dipole
interaction between |e〉 and |↑〉 in both cavities. We
simulate an experiment by solving the stochastic mas-
ter equation (11), (12), and at the final time a pi-pulse is
performed on the |e〉 → |0〉 transition in order to restore
the ions to the qubit subspace.
One caveat of this scheme is that it produces an en-
tangled state between the qubits and the readout ions,
such that upon tracing out the readout ions, the qubits
are left in a mixed state. We propose to eliminate this
issue by turning off the Rabi drives of the readout ions
for a duration t  γ−1 at the end of the protocol as
shown in Fig. 5(a). The readout ions then decay to their
ground states and factor out, and as long as the emission
is monitored (with η = 1), the purity of the qubit state
is ensured. The qubit state can at this point be written
|Ψ〉 =
4∑
i=1
αi|ψi〉, (13)
where we define the two-qubit basis
|ψ1〉 = |0, 0〉(A,B),
|ψ2〉 = |1, 1〉(A,B),
|ψ3〉 = 1√
2
(|0, 1〉+ |1, 0〉)(A,B),
|ψ4〉 = 1√
2
(|0, 1〉 − |1, 0〉)(A,B). (14)
Here |ψ1〉 and |ψ2〉 are (undesirable) product states, while
|ψ3〉 and |ψ4〉 are maximally entangled states between the
two qubits.
In Fig. 5(b-e), we display the state populations
Tr(ρ|ψi〉〈ψi|) as functions of time. Each panel con-
tains results of 2,500 independent realizations. We ob-
serve that in every run, the state has been projected
on exactly one of the states |ψi〉 at the final time (i.e.
FIG. 5. Entanglement between remote qubits by continuous
photon counting of the mixed signals from the two cavities
. Panel (a) shows the Rabi drive Ω
(A,B)
↑↓ as a function of
time. Panels (b-e) show the opulation in each of the states,
|ψi〉, given by |Ci|2 subjected to continuous monitoring of the
mixed signal where i = 1, 2, 3, 4 (b,c,d,e) for 2500 runs. The
trajectories reaching a value Tr(ρ|ψi〉〈ψi|) > 0.99(< 0.01) are
indicated with cyan (orange) in each panel.
Tr(ρ|ψi〉〈ψi|) = 1 for any one value of i, while the oth-
ers are 0). In each panel, trajectories reaching a value
Tr(ρ|ψi〉〈ψi|) > 0.99 are indicated with cyan, while the
remaining are orange. From N = 20, 000 independent
simulations, we observe that the four states occur with
equal probability. This implies that our protocol has a
50 chance of heralding a maximally entangled state.
The trajectories in Fig. 5(b-e) show that the collapse
to |ψ1〉 and |ψ2〉 in (b) and (c) occur faster than to the
two entangled states in (d) and (e). This is because the
shear number of emitted photons takes lower and higher
values for the two product states than for the two entan-
gled states. The two entangled state populations switch
upon detection of a single photon in one of the beam
splitter output ports, and such an event may be trig-
gered by the decay of one of the readout ions, also after
the readout drive is turned off at t = 20γ−1. After this
9time, however, at most two additional quantum jumps
may occur and the qubit state ends up in |ψ3〉 or |ψ4〉
according to the sign in the associated jump operators
χˆ±. We to point out the event around t = 23γ−1 where
one of the trajectories exhibits a very unlikely behaviour
(marked with dotted red curve in Fig. 5(c) and (e)). This
event is caused by the qubits occupying the product state
|ψ2〉 with very high probability, but then a period with
no photo detections in one detector causes a rotation to-
wards the entangled state |ψ3〉. This rotation would have
continued if a detection event had not projected the state
abruptly back into |ψ2〉.
Our results demonstrate that under ideal conditions,
our measurement-based scheme is able to produce entan-
gled pairs of remote qubits with high probability (50%).
Due to the insensitivity of counters to photon phases, the
protocol is robust to known phase and frequency varia-
tions between the two sources. However, under uncon-
trolled phase fluctuations between the two components
A and B, it will not be possible to distinguish |ψ3〉 and
|ψ4〉 from the measurement signal, and the scheme fails.
Even though state-of-the art photo detectors can reach
very high efficiencies, inefficient photon detectors imply
that a finite fraction of the photons are leaked into the
environment undetected as dissipation, as represented by
the term with prefactor (1− η) in the stochastic master
equation (12). From simulations (not shown here), we
observe that with detector efficiencies of η ' 0.95, the
trajectories which would lead the maximally entangled
states |ψ3〉 and |ψ4〉 now lead a mixed state. Since ev-
ery second counting event has the potential to change
the sign in the final entangled state, a few missed events
removes our ability to discern them in the signal. Tra-
jectories leading to either of the two product states |ψ1〉
and |ψ2〉, on the other hand, remain unaffected.
VI. CONCLUSIONS
We have investigated the possibility of using an an-
cilla ion to read out the state of a qubit rare-earth ion in
crystals. The ions exhibit large state-dependent dipole-
moments, leading to dipole-dipole interaction between
them when they are situated in close vicinity. We pro-
pose to exploit this interaction to infer the state of the
qubit ion by monitoring the emission from a continuously
driven ancilla, whose dynamics depend on the state of the
qubit. This requires that two species of closely lying ions
are spectroscopically identified in the crystal, one serving
as a qubit with excellent coherence and lifetime proper-
ties and another as an ancilla with a closed two-level
transition and stronger coupling to its optical surround-
ings. Using a stochastic master equation, we simulated
experiments and showed how a Bayesian analysis of the
measurement signal obtained from photon detection can
infer the initial state of the qubit. When the readout ion
is driven via the cavity input mirror, as e.g., in exper-
iments with fiber cavities, a Bayesian analysis extracts
temporal correlations in the counting signals crucial for
the distinction of the qubit states.
Next, we showed how the same architecture may
be used to probabilistically create maximally entangled
states between remote qubits. To this end, we consid-
ered a system with two cavities, each with its own qubit,
which is dipole-coupled to a continuously driven ancilla.
We showed that by mixing the two fluorescence signals
on a beamsplitter whose output ports are continuously
monitored, the two-qubit state can be stochastically col-
lapsed to an entangled state with 50% success probabil-
ity. Our investigations reveal, however, that the scheme
in its simplest form suffers greatly from any uncontrolled
imperfections.
Our analysis took its starting point in early propos-
als of ancilla-mediated read out by fluoresence detection.
We assumed a weak coupling of the bad cavity mode to
the ancilla ion, while in the regime of strong coupling
and a good cavity, it is possible to read out qubit state
populations by their ability to split and shift the cav-
ity resonance [47]. Similar schemes can be implemented
with the ancilla ion, benefiting from the possibiity to sep-
arately optimize the qubit properties of one ion and the
optical properties of the readout ion. The readout would
here be done by a phase shift measurement, and sequen-
tial illumination of multiple cavities could be used to en-
tangle qubits with a higher tolerance to detector ineffi-
ciency [48].
VII. ACKNOWLEDGEMENTS
The authors acknowledge support from the Euro-
pean Union FETFLAG program, Grant No. 820391
(SQUARE).
[1] B. Casabone, J. Benedikter, T. Hu¨mmer, F. Oehl,
K. de O. Lima, T. W. Ha¨nsch, A. Ferrier, P. Goldner,
H. de Riedmatten, and D. Hunger, “Cavity-enhanced
spectroscopy of a few-ion ensemble in Eu3+:Y2O3,” New
Journal of Physics 20, 095006 (2018).
[2] S. R. Hastings-Simon, M. Afzelius, J. Mina´rˇ, M. U.
Staudt, B. Lauritzen, H. de Riedmatten, N. Gisin,
A. Amari, A. Walther, S. Kro¨ll, E. Cavalli, and
M. Bettinelli, “Spectral hole-burning spectroscopy in
Nd3+:YVO4,” Phys. Rev. B 77, 125111 (2008).
[3] O. Gobron, K. Jung, N. Galland, K. Predehl, R. Le
Targat, A. Ferrier, P. Goldner, S. Seidelin, and Y. Le
Coq, “Dispersive heterodyne probing method for laser
frequency stabilization based on spectral hole burning
in rare-earth doped crystals,” Opt. Express 25, 15539–
15548 (2017).
10
[4] S.-W. Feng, C.-Y. Cheng, C.-Y. Wei, J.-H. Yang, Y.-
R. Chen, Y.-W. Chuang, Y.-H. Fan, and C.-S. Chuu,
“Purification of single photons from room-temperature
quantum dots,” Phys. Rev. Lett. 119, 143601 (2017).
[5] Daniel Loss and David P. DiVincenzo, “Quantum com-
putation with quantum dots,” Phys. Rev. A 57, 120–126
(1998).
[6] J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird,
A. Yacoby, M. D. Lukin, C. M. Marcus, M. P. Hanson,
and A. C. Gossard, “Coherent manipulation of coupled
electron spins in semiconductor quantum dots,” Science
309, 2180–2184 (2005).
[7] H. Kaupp, T. Hu¨mmer, M. Mader, B. Schlederer,
J. Benedikter, P. Haeusser, H.-C. Chang, H. Fedder,
T. W. Ha¨nsch, and D. Hunger, “Purcell-enhanced single-
photon emission from nitrogen-vacancy centers coupled
to a tunable microcavity,” Phys. Rev. Applied 6, 054010
(2016).
[8] M. W. Doherty, V. V. Struzhkin, D. A. Simpson, L. P.
McGuinness, Y. Meng, A. Stacey, T. J. Karle, R. J. Hem-
ley, N. B. Manson, L. C. L. Hollenberg, and S. Prawer,
“Electronic properties and metrology applications of the
diamond NV− center under pressure,” Phys. Rev. Lett.
112, 047601 (2014).
[9] R. Hanson, F. M. Mendoza, R. J. Epstein, and D. D.
Awschalom, “Polarization and readout of coupled single
spins in diamond,” Phys. Rev. Lett. 97, 087601 (2006).
[10] J. R. Weber, W. F. Koehl, J. B. Varley, A. Janotti, B. B.
Buckley, C. G. Van de Walle, and D. D. Awschalom,
“Quantum computing with defects,” Proceedings of the
National Academy of Sciences 107, 8513–8518 (2010).
[11] M. Zhong, M. P. Hedges, R. L. Ahlefeldt, J. G.
Bartholomew, S. E. Beavan, S. M. Wittig, J. J. Longdell,
and M. J. Sellars, “Optically addressable nuclear spins
in a solid with a six-hour coherence time,” Nature 517,
177–180 (2015).
[12] P. Siyushev, K. Xia, R. Reuter, M. Jamali, N. Zhao,
N. Yang, C. Duan, N. Kukharchyk, A. D. Wieck,
R. Kolesov, and J. Wrachtrup, “Coherent properties
of single rare-earth spin qubits,” Nat. Commun. 5, 3895
(2014).
[13] R. Hanson, O. Gywat, and D. D. Awschalom, “Room-
temperature manipulation and decoherence of a single
spin in diamond,” Phys. Rev. B 74, 161203 (2006).
[14] C. Bradac, M. T. Johnsson, M. v. Breugel, B. Q. Bara-
giola, R. Martin, M. L. Juan, G. K. Brennen, and
T. Volz, “Room-temperature spontaneous superradiance
from single diamond nanocrystals,” Nat Commun 8, 1–6
(2017), 1608.03119.
[15] J. H. Wesenberg, A. Ardavan, G. A. D. Briggs, J. J. L.
Morton, R. J. Schoelkopf, D. I. Schuster, and K. Mølmer,
“Quantum computing with an electron spin ensemble,”
Phys. Rev. Lett. 103, 070502 (2009).
[16] I. Roos and K. Mølmer, “Quantum computing with an in-
homogeneously broadened ensemble of ions: Suppression
of errors from detuning variations by specially adapted
pulses and coherent population trapping,” Phys. Rev. A
69, 022321 (2004).
[17] P. Haro-Gonzlez, L. M. Maestro, M. Trevisani, S. Polizzi,
D. Jaque, J. G. S., and M. Bettinelli, “Evaluation of
rare earth doped silica sub-micrometric spheres as opti-
cally controlled temperature sensors,” Journal of Applied
Physics 112, 054702 (2012).
[18] G. Wolfowicz, H. M.-Flaig, R. Marino, A. Ferrier,
H. Vezin, J. J. L. Morton, and P. Goldner, “Coher-
ent storage of microwave excitations in rare-earth nuclear
spins,” Phys. Rev. Lett. 114, 170503 (2015).
[19] T. Zhong, J. M. Kindem, J. G. Bartholomew,
J. Rochman, I. Craiciu, E. Miyazono, M. Bettinelli,
E. Cavalli, V. Verma, S. W. Nam, F. Marsili, M. D. Shaw,
A. D. Beyer, and A. Faraon, “Nanophotonic rare-earth
quantum memory with optically controlled retrieval,”
Science 357, 1392–1395 (2017).
[20] K Debnath, G. Dold, J. J. L. Morton, and K. Mølmer,
“Self-stimulated pulse echo trains from inhomogeneously
broadened spin ensembles,” Preprint arXiv:2004.01116
(2020).
[21] K. Debnath, Y. Zhang, and K. Mølmer, “Collective dy-
namics of inhomogeneously broadened emitters coupled
to an optical cavity with narrow linewidth,” Phys. Rev.
A 100, 053821 (2019).
[22] D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. Coˆte´,
and M. D. Lukin, “Fast quantum gates for neutral
atoms,” Phys. Rev. Lett. 85, 2208–2211 (2000).
[23] M. D. Lukin, M. Fleischhauer, R. Cote, L. M. Duan,
D. Jaksch, J. I. Cirac, and P. Zoller, “Dipole block-
ade and quantum information processing in mesoscopic
atomic ensembles,” Phys. Rev. Lett. 87, 037901 (2001).
[24] N. Ohlsson, R. K. Mohan, and S. Krll, “Quantum com-
puter hardware based on rare-earth-ion-doped inorganic
crystals,” Optics Commun 201, 71 – 77 (2002).
[25] O.-P. Saira, J. P. Groen, J. Cramer, M. Meretska,
G. de Lange, and L. DiCarlo, “Entanglement genesis
by ancilla-based parity measurement in 2d circuit qed,”
Phys. Rev. Lett. 112, 070502 (2014).
[26] J. Yoneda, K. Takeda, A. Noiri, T. Nakajima, S. Li,
J. Kamioka, T. Kodera, and S. Tarucha, “Quantum non-
demolition readout of an electron spin in silicon,” Nat
Commun 11, 1144 (2020).
[27] N. Kunkel and P. Goldner, “Recent advances in rare
earth doped inorganic crystalline materials for quantum
information processing,” Zeitschrift fr anorganische und
allgemeine Chemie 644, 66–76 (2018).
[28] Y. Yan, J. Karlsson, L. Rippe, A. Walther, D. Serrano,
D. Lindgren, M.-e. Pistol, S. Kro¨ll, P. Goldner, L. Zheng,
and J. Xu, “Measurement of linewidths and permanent
electric dipole moment change of the ce 4f -5d transi-
tion in Y2SiO5 for qubit readout scheme in rare-earth
ion based quantum computing,” Phys. Rev. B 87, 184205
(2013).
[29] D. Serrano, Y. Yan, J. Karlsson, L. Rippe, A. Walther,
S. Krll, A. Ferrier, and P. Goldner, “Impact of the ionion
energy transfer on quantum computing schemes in rare-
earth doped solids,” Journal of Luminescence 151, 93 –
99 (2014).
[30] D. Serrano, J. Karlsson, L. Zheng, Y. Dong, A. Ferrier,
P. Goldner, A. Walther, L. Rippe, and S. Krll, “Satel-
lite line mapping in Eu3+Ce3+ and Pr3+Ce3+ codoped
Y2SiO5,” Journal of Luminescence 170, 102 – 107 (2016).
[31] B. Merkel, A. Ulanowski, and A. Reiserer, “Coher-
ent emission of erbium dopants in a high-q resonator,”
Preprint arXiv:2006.14229 (2020).
[32] A. H. Kiilerich and K. Mølmer, “Estimation of atomic
interaction parameters by photon counting,” Phys. Rev.
A 89, 052110 (2014).
[33] A. H. Kiilerich and K. Mølmer, “Parameter estimation by
multichannel photon counting,” Phys. Rev. A 91, 012119
11
(2015).
[34] Søren Gammelmark and Klaus Mølmer, “Bayesian pa-
rameter inference from continuously monitored quantum
systems,” Phys. Rev. A 87, 032115 (2013).
[35] A. H. Kiilerich and K. Mølmer, “Hypothesis testing with
a continuously monitored quantum system,” Phys. Rev.
A 98, 022103 (2018).
[36] C. Crocker, Lichtman. M., K. Sosnova, A. Carter,
S. Scarano, and C. Monroe, “High purity single pho-
tons entangled with an atomic qubit,” Opt. Express 27,
28143–28149 (2019).
[37] A. J. Meixner, C. M. Jefferson, and R. M. Macfar-
lane, “Measurement of the stark effect with subhomoge-
neous linewidth resolution in Eu3+:YAlO3 with the use
of photon-echo modulation,” Phys. Rev. B 46, 5912–5916
(1992).
[38] A. H. Kiilerich and K. Mølmer, “Quantum zeno effect in
parameter estimation,” Phys. Rev. A 92, 032124 (2015).
[39] A. H. Kiilerich and K. Mølmer, “Multistate and multi-
hypothesis discrimination with open quantum systems,”
Phys. Rev. A 97, 052113 (2018).
[40] P. Haikka, Y. Kubo, A. Bienfait, P. Bertet, and
K. Mølmer, “Proposal for detecting a single electron spin
in a microwave resonator,” Phys. Rev. A 95, 022306
(2017).
[41] Howard M. Wiseman and Gerard J. Milburn, Quantum
Measurement and Control (Cambridge University Press,
2009).
[42] B. Julsgaard and K. Mølmer, “Measurement-induced
two-qubit entanglement in a bad cavity: Fundamental
and practical considerations,” Phys. Rev. A 85, 032327
(2012).
[43] S. Bose, P. L. Knight, M. B. Plenio, and V. Vedral,
“Proposal for teleportation of an atomic state via cavity
decay,” Phys. Rev. Lett. 83, 5158–5161 (1999).
[44] J. Hong and H.-W. Lee, “Quasideterministic generation
of entangled atoms in a cavity,” Phys. Rev. Lett. 89,
237901 (2002).
[45] D. E. Browne, M. B. Plenio, and S. F. Huelga, “Ro-
bust creation of entanglement between ions in spatially
separate cavities,” Phys. Rev. Lett. 91, 067901 (2003).
[46] A. S. Sørensen and K. Mølmer, “Measurement induced
entanglement and quantum computation with atoms in
optical cavities,” Phys. Rev. Lett. 91, 097905 (2003).
[47] A. Reiserer, N. Kalb, G. Rempe, and S. Ritter, “A quan-
tum gate between a flying optical photon and a single
trapped atom,” Nature 508, 237–240 (2014).
[48] I. Cohen and K. Mølmer, “Deterministic quantum net-
work for distributed entanglement and quantum compu-
tation,” Phys. Rev. A 98, 030302 (2018).
